The climatological mean summer monsoon onset in the South China Sea (SCS) is a remarkably abrupt event. However, defining onset dates for individual years is noticeably controversial. The controversies and complications arise primarily from a number of factors: the intermittent southward intrusion of cold fronts into the northern SCS, the bogus onset in late April before the establishment of tropical monsoons over Indochina, and active intraseasonal oscillation. In this paper, a simple yet effective index, U SCS , the 850-hPa zonal winds averaged over the central SCS (5Њ-15ЊN and 110Њ-120ЊE), is proposed for objectively defining the SCS monsoon onset. This onset index depicts not only the sudden establishment of the tropical southwesterly monsoon over the SCS but also the outbreak of the rainy season in the central-northern SCS.
Introduction
A unique feature of the South China Sea (SCS) summer monsoon (SCSSM) is the simultaneous commencement across its large latitudinal range from 3Њ to 22ЊN (Fig. 1a) . In contrast to the relatively ''punctual'' onset of the Indian summer monsoon at Kerala, the onset of the SCSSM exhibits considerable year-to-year variation (Wu and Wang 2001) . The SCSSM onset has been considered as a precursor to East Asian summer monsoon (EASM) development (Tao and Chen 1987; Lau and Yang 1997) . Study of the SCSSM onset has important ramifications for understanding Asian monsoon variability.
Defining the onset date of the SCSSM for an individual year has been noticeably controversial, even though the corresponding climatological mean onset is a notable singular episode (e.g., Wang and Xu 1997; LinHo and Wang 2002) . The lack of a universally accepted definition of SCSSM onset is a major roadblock for studying interannual variability of the monsoon evolution. A great variety of local indices with objective or subjective criteria have been proposed to define the onset of SCSSM. These indices include precipitation or its proxies: outgoing longwave radiation (OLR), upper-tropospheric water vapor brightness temperature, high cloud amount, highly reflective cloud (Tanaka 1992; Chen et al. 1996; Yan 1997; Lin and Lin 1997; Zhu et al. 2001 ), low-level or surface winds (Yan 1997; Zhang et al. 2001) , low-level relative vorticity (Lu et al. 2000) , low-level meridional winds (Lu and Chan 1999) , equivalent potential temperature (Gao et al. 2001) , vertical zonal wind shear (Li and Wu 2000) , differential geopotential heights , or combined measures of convection and low-level winds (Wang and Wu 1997; May 1997; Xie et al. 1998; Liang et al. 1999; Kueh and Lin 2001) . Some of these local indices were combined W A N G E T A L . TABLE 1. List of major previous studies that have provided a definition for the onset of the SCSSM. Here, GMS ϭ Geostationary Meteorological Satellite, TBB ϭ brightness temperature, GPI ϭ GOES (Geostationary Operational Environmental Satellite) Precipitation Index, NMC ϭ National Meteorological Center, NOAA ϭ National Oceanic and Atmospheric Administration, NASA/DAO ϭ National Aeronautics and Space Administration Data Assimilation Office, and HRC ϭ Hydrologic Research Center.
Authors
Defining variable and/or method Data period Hsu et al. (1999) Wang and Wu (1997) Xie et al. (1998) Lin and Lin (1997) Chen et al. (1996) Wind (850 hPa); subjective Zonal wind and OLR; criteria OLR and wind (850 hPa); criteria TBB and ECMWF; subjective TBB, wind; criteria ECMWF (1986-96) ; OLR (1975-92) ECMWF ; OLR (1975-92) OLR with a subjective analysis of the large-scale seasonal transition or low-frequency oscillation modes (Chang and Chen 1995; Hwu et al. 1998; May 1997; Kueh and Lin 2001) . There are also definitions that are derived from objective analyses of the seasonal transition of the large-scale circulation over Asia or Southeast Asia (Hsu et al. 1999; Lau and Yang 1997) .
The resulting onset dates for some years are remarkably diverse because the definitions are sensitive to the choices of local variables or circulation systems and to the ways their variations are measured. Kueh and Lin (2001) compared monsoon onset dates determined by nine definitions for the period 1979-95. There were 7 years during which different definitions yield similar onset dates, whereas in the other 10 years (1981, 1982, 1983, 1984, 1985, 1987, 1992, 1993, 1994, 1995 ) the onset dates vary by more than three pentads. made another comparison of eight different definitions for the 40-yr period 1958-97. There were 16 years during which the onset pentads showed major differences. Identifying the onset dates for those years is a challenging task. The controversies arise from the fact that the SCS monsoon advances with a wide variety of synoptic and intraseasonal fluctuations and spatial variability in strength. To the authors' knowledge, about 20 different definitions have been proposed. A summary of the relevant studies on the definition of SCSSM onset is presented in Table 1 .
It is imperative to establish a universally accepted definition of the SCSSM onset. A reliable determination of the onset date for each individual year is indispensable for forming a basis to study further the interannual variability of the monsoon onset and strength. The monsoon community needs compelling principles and a generally recognized framework for establishing objective and rational criteria for defining the SCSSM onset. This is the primary objective of the present study. Section 3 will discuss the meteorological principles for objectively determining the SCS monsoon onset, which lead to a simple yet effective definition.
In this paper the SCS summer monsoon is perceived as a critical componet of the East Asia summer monsoon. Concerning the terminology of the East Asia monsoon, so far there is no generally accepted definition. From a geographical point of view, however, there are two definitions. The first is a more localized definition that refers to a subtropical monsoon confined in the region 20Њ-40ЊN, 100Њ-140ЊE (e.g., Zhang et al. 1996) . The second invokes a broadscale definition, which includes the subtropical monsoon front, the western North Pacific (WNP) subtropical high, and the tropical WNP monsoon trough (Tao and Chen 1987) . Therefore, a broader view of the East Asian monsoon system includes both the WNP tropical monsoon and the subtropical monsoon. The second definition covers roughly the region from 0Њ to 40ЊN and from 100Њ to 140ЊE. In this paper, we delineate the EASM as the summer monsoon in East Asia (EA) and the WNP region (0Њ-40ЊN, 100Њ-140ЊE).
Our objective further extends to exploring the linkage of the SCSSM onset to the development of the EASM. Chen et al. (2001) proposed a two-stage rainy season onset over East Asia. The first stage occurs in spring over south China (preflood period); the second stage occurs over the Yangtze River valley in June after the onset of the tropical monsoon over the SCS. SCSSM onset has been regarded as the start of the EASM largely because some believe that the SCSSM onset is the earliest onset over East Asia (Tao and Chen 1987; Lau and Yang 1997) or South Asia (Chang and Chen 1995) . However, recent studies have challenged this notion. It has been shown that the summer monsoon starts over the southeast Bay of Bengal and Indochina Peninsula about 10-15 days before the onset over the SCS (Wang VOLUME 17 He et al. 1996; Wu and Zhang 1998; Wang and Qian 2000; Qian and Yang 2000; Xu et al. 2001; Wang and LinHo 2002) .
As far as the onset of East Asian summer monsoon is concerned, there also exist two points of view. Tao et al. (1983) defines the occurrence of the rainbelt over the Yangtze River valley as the onset of the EASM. This is consistent with the notion of subtropical monsoon. In section 4, we will discuss how to determine the large-scale onset of the broadscale EASM. We will show evidence that the local SCSSM onset can faithfully indicate the inception of the broadscale EASM, while the mei-yu is the second salient phase of the broadscale EASM onset.
Data
One of the difficulties in studying monsoon onset over the ocean is the lack of observations. In the data-void marine environment, one has to primarily rely on the satellite estimation of rainfall and circulations produced by data assimilation systems that incorporate satelliteobserved winds and ship observations.
The circulation data used in the present analysis are derived from a 54-yr (1948-2001) National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay et al. 1996) . Daily mean and 5-day mean wind data on 2.5Њ ϫ 2.5Њ grids are used. The quality of the 850-hPa reanalysis winds over the SCS are more reliable than other fields due to plentiful ship observations along ship tracks in the South China Sea and the introduction of satellite cloud wind observations after the late 1970s. The 54-yr data set is inhomogeneous in time. We have to bear this inhomogenity in mind and apply these data with caution. The data before 1958 are less reliable due in part to the lack of ship observations throughout the Philippine Sea prior to the late 1950s (Wang 1995) .
The primary precipitation data analyzed in this study are the Climate Prediction Center Merged Analysis of Precipitation (CMAP; Xie and Arkin 1997) data that were derived by merging rain gauge observations, microwave and infrared satellite images, and numerical model outputs. The pentad mean CMAP rainfall data cover the period January 1979 to December 2001 with a global coverage on 2.5Њ ϫ 2.5Њ grids. Over the ocean, the accuracy and reliability of the pentad mean CMAP on small spatial scales has not been fully determined because of the lack of ground truth observations. However, since the CMAP data were based on merged multisource estimates, the uncertainties contained in each individual estimate are reduced. Given the weaknesses of all the available rainfall datasets, information about oceanic regions derived from the CMAP analysis should be viewed as preliminary and should be updated when more accurate data become available. It is also critical to search for physically consistent patterns between the 850-hPa winds and rainfall, which can add confidence to the analyses.
A local definition of SCS summer monsoon onset
In view of the complex nature of the monsoon phenomena, to define local SCS monsoon onset objectively and succinctly, one needs to address the following questions: 
a. Choice of the defining variables and the definition domain
The monsoon onset can be determined by the seasonal change in either surface winds or local rainfall since the monsoon climate is characterized by an annual reversal of the winds and by a contrast between an intense rainy summer and a dry winter. In some monsoon regions, however, the start of the local rainy season does not necessarily coincide with the date of seasonal reversal of the local surface winds. In these regions, it is impossible to use both fields to describe monsoon commencement.
Since the late arrival of monsoon rain can be disastrous for agriculture and the economy, the beginning of the rainy season is often viewed as the onset of the summer monsoon. For instance, the monsoon onset in India is represented by the beginning of the rainy season over the Kerala (Ananthankrishnan and Soman 1988; Soman and Kumar 1993) .
Examination of the climatological mean onset features may offer useful hints for determining what meteorological variable, and in what domain, best represents the SCSSM onset. This is because the mean onset of the SCSSM plays a unique role in the evolution of the Asian summer monsoon. Figure 1a displays latitudinal variations of the 850-hPa zonal wind averaged between 110Њ and 120ЊE. A striking change in the wind from an easterly to a westerly regime occurs on Julian pentad 28 (P28; 16-20 May), which denotes the onset of the mean SCSSM. Note that the reversal of the zonal wind direction is primarily confined to the latitudinal bands between 5Њ and 15ЊN. This latitudinal band covers the central SCS. The results shown in Fig. 1a suggest that the 850-hPa zonal winds averaged over the region 5Њ-15ЊN, 110Њ-120ЊE (the precise domain is 3.75Њ-16.25ЊN, 108.75Њ-121.25ЊE) can be used as a wind index to quantify SCS circulation change before, during, and after the monsoon onset. This wind index will be denoted by U SCS .
Concurrent with the reversal of the 850-hPa zonal winds, there is a sharp increase in rainfall over the SCS in the latitudinal band between 10Њ and 20ЊN (Fig. 1b) . Thus, a rainfall index, which is the rainfall rate averaged over the region 10Њ-20ЊN, 110Њ-120ЊE, can also be constructed to describe the SCS rainy season onset.
b. Coherency between the 850-hPa westerly wind index and the rainfall index
The domain in which the rainfall index is defined is about 5Њ latitude north of the corresponding domain for U SCS . This spatial phase relationship between convection and the westerly index is consistent with our understanding of the interaction between tropical convection and the low-level circulation. On the one hand, convection, which tends to overlay the maximum low-level cyclonic vorticity and associated boundary layer convergence, normally occurs to the north of the maximum westerlies. On the other hand, precipitation-induced condensational latent heating generates ascending Rossby waves propagating westward, which enhances westerlies to the south and southwest of the maximum convection.
The above theoretical interpretation can be verified by an empirical relationship between the 850-hPa zonal wind and the precipitation distribution. Figure 2a shows correlation coefficients of the 850-hPa zonal wind (U 850 ) at each grid point with reference to the SCS rainfall index for the period from pentad 20 (11-20 April) to 37 (4 July-30 June) of each year from 1979 to 2001. The best correlation between the westerly and the SCS rainfall index is found in the central SCS in the region (5Њ-15ЊN, 110Њ-120ЊE) where the correlation coefficients exceeds 0.7 for a sample size of 414. Figure 2b shows the correlation coefficients of the rainfall rate at each grid point with reference to the U SCS . Obviously, the best positive correlation of rainfall with U SCS is located in the region 10Њ-20ЊN, 110Њ-120ЊE where the rainfall best characterizes the SCS rainy season onset. The results shown in Figs. 2a and 2b indicate that the westerly index U SCS can well represent the rainfall index.
We choose U SCS to define the SCSSM onset, because it is an effective indicator for both the circulation and rainfall variability. There are several reasons for this choice of the wind index. First, long meteorological records for U 850 are available ) from which it is easy to prepare 5-day normal U SCS . The rainfall data (e.g., CMAP) have a substantially shorter record . Second, the ship observations over the SCS and the observed satellite cloud winds after 1970 significantly enhance the reliability of the 850-hPa winds over the SCS, while the accuracy of the rainfall estimated by satellite observations is limited by their less frequent sampling and uncertainties in the data retrieval. Third, and perhaps the most significant, compared with the rainfall, the low-level winds reflect more pertinent large-scale variations, while rainfall is susceptible to influences of small-scale circulation systems and local factors. In addition, as will be demonstrated in the next section, the U SCS is highly indicative of the seasonal transition of the large-scale circulation.
c. Objective criteria for defining the onset pentad
To derive objective criteria, we examine the pentad (5 day) mean time series presented in the left panel of Table 2 . In about 80% of the years examined (43 out of a total 54 yr), the SCSSM onsets are characterized by an obvious shift from a steady easterly to a steady westerly regime. For these 43 yr, the onset pentad can be readily determined without ambiguity. However, in the remaining 11 yr, the regime shift was obscured by either a vigorous intraseasonal oscillation (1951, 1980, 1989, and 1996) or a flat transition phase during which U SCS fluctuates around zero (1952, 1956, 1968, 1971, 1984, 1992, and 1994) . The latter case is referred to as VOLUME 17 vague-onset years, during which the cessation of the easterly regime was not immediately followed by a wellbuilt westerly regime. In summary, for about 1 out of every 5 yr, the SCS monsoon onset is somewhat ambiguous in terms of establishment of steady tropical westerlies, which presents a major challenge for objectively defining monsoon onset.
The most prominent feature of the SCSSM onset is a firm establishment of steady westerlies that is often accompanied by a sudden cessation of the easterlies or an abrupt acceleration of the westerlies (left panel of Table 1 ). These characteristics lead to the following objective criteria for defining the onset date.
The onset date of the SCSSM is defined by the first pentad after 25 April that satisfies the following two criteria: (a) in the onset pentad U SCS Ͼ 0; (b) in the subsequent four pentads (including the onset pentad) U SCS must be positive in at least three pentads and the accumulative four pentad mean U SCS Ͼ 1 m s
Ϫ1 . As seen from Table 2 , sudden acceleration of U SCS is a characteristic feature of the onset. Although the above definition did not explicitly require an abrupt change in westerly speed across the onset pentad, the resultant onset pentads indeed demonstrate a sharp increase in U SCS . The last row in the left panel of Table 2 shows that the increase in westerly speed across the onset pentad, which is defined by DU, that is, U SCS (1, 2, 3) minus U SCS (Ϫ1, Ϫ2, Ϫ3), is greater than 7 m s Ϫ1 , where U SCS (1, 2, 3) denotes the accumulative U SCS for the consecutive three pentads including the onset pentad and U SCS (Ϫ1, Ϫ2, Ϫ3) denotes the accumulative U SCS for the consecutive three pentads before the onset pentad.
Note also that before 25 April, the seasonal transition of large-scale circulation remains premature for the summer monsoon onset over the SCS; therefore, the occasional westerlies over the SCS are not of tropical origin and are excluded in the definition. More discussion on this point will be offered in section 5b.
The shaded boxes in the left panel of Table 2 show the onset pentads that are determined using the above definition. The earliest onset occurs in P25 (1-5 May), while the latest is at P34 (14-19 June). The maximum range is about 10 pentads (50 days).
The commencement and salient phases of the broadscale East Asian summer monsoon a. The seasonal transition
The seasonal transition of the low-level monsoon circulation of the broadscale EASM can be objectively described using the dominant empirical orthogonal function (EOF) mode (EOF1), which accounts for about 34.7% of the total variance of U 850 over East Asia and the western North Pacific (0Њ-40ЊN, 100Њ-140ЊE) for the period from P20 (6-10 April) to P37 (30 June-4 July). The spatial structure of EOF1 is characterized by the pronounced tropical westerly monsoon between 0Њ and 20ЊN with its maximum axis along 10ЊN and centered in the western-central SCS (Fig. 3a) . This spatial structure suggests that the establishment of the tropical westerlies over the SCS is an essential feature of the seasonal variation of the large-scale circulation over the East Asia-WNP region.
The principal component of the EOF1 mode, U EOF1 , represents the time evolution of the EASM low-level summer monsoon circulation. The time series of U EOF1 for each year are tabulated in the right panel of Table  2 and plotted in Fig. 3b . The climatological mean U EOF1 (the thick line in Fig. 3b ) increases gradually as the season progresses. It reverses sign (from negative to positive) on P28 (16) (17) (18) (19) (20) . Obviously the climatological mean U EOF1 represents the mean seasonal transition. The sign reversal on P28 indicates that the tropical 850-hPa zonal wind component south of 20ЊN, represented by the first EOF mode (Fig. 3a) , rapidly changes from easterly to westerly. For each year, however, U EOF1 contains not only the mean seasonal transition but VOLUME 17
Time series of the onset date defined for the SCSSM using U SCS (solid) and for the EASM using U EOF1 (dashed).
also quite large intraseasonal variations on time scales of 4-10 pentads (right panel of Table 2 and Fig. 3b ). This leads to the primary difficulty for defining the monsoon onset for an individual year. Can U EOF1 be used to determine the summer monsoon onset over the East Asia-WNP region? Inspection of Table 2 reveals, for the majority of the years examined, that U EOF1 exhibits a noticeable shift from a negative (steady easterly) to a positive (steady westerly) regime. For these years, the onset pentad can be readily determined without ambiguity. For the other years during which strong intraseasonal variability exists or the switch of the regime is not evident, certain objective criteria are necessary for determining the onset date. With an adequate choice of the objective criteria, the first principal component, denoted by U EOF1 , can be used to define the onset of the broadscale EASM.
The onset of the broadscale EASM is defined as the first pentad after 25 April during which the U EOF1 changes to a positive value from a negative value in the previous pentad, and in the consecutive four pentads (including the onset pentad) U EOF1 must be greater than zero in at least three pentads. The shaded boxes in the right panel of Table 2 show the date of onset of the EASM determined using the above definition.
b. Linkage between the SCSSM onset and the broadscale EASM commencement
The local definition of the SCSSM onset turns out to be a characteristic of the seasonal transition of the largescale circulation over the broadscale EASM domain. This is supported by the fact that the local index for SCSSM, U SCS , and the large-scale index for the broadscale EASM, U EOF1 , are highly correlated (the correlation coefficient is 0.97). The strongest westerlies of the first EOF mode for the EA-WNP region are found between 5Њ and 15ЊN and from 100Њ to 120ЊE (Fig. 3a) . This region overlaps the region where the local SCSSM index U SCS is defined. It indicates that the U SCS exemplifies the principal mode of the low-level monsoon circulation over East Asia and the neighboring WNP.
The climatological mean onset of the EASM as signified by U EOF1 concurs precisely with the climatological mean SCSSM onset date shown in Fig. 1 . The onset dates for SCSSM, which is defined using U SCS , are nearly the same as those of the EASM onset dates defined by the use of U EOF1 except for 1968, during which the differences are greater than two pentads (Fig. 4 and Table 2 ). The consistency between the onset over the SCS and large-scale East Asia-WNP domain indicates that the onset of the summer monsoon over the SCS signifies the beginning of the summer monsoon over East Asia.
c. Two-stage onset of the broadscale East Asian summer monsoon
The EASM onset starts in the SCS and moves progressively northward. Most Chinese meteorologists believe that the migration of the subtropical monsoon front is stepwise (Ding 1991) . In particular the quasi-stationary rainbelt associated with the subtropical monsoon front tends to stagnate over the Yangtze River and Huai River basin from mid-June to mid-July, which is referred to as the mei-yu in China or the baiu in Japan.
To examine the progression of the EASM, we performed a multivariable EOF analysis of the 850-hPa zonal and meridional winds and rainfall from 6 April to 9 July for the period 1979-2001. The first three EOF patterns and corresponding principal components are shown in Fig. 5 . The climatological mean principal component (Fig. 5b) resembles the U EOF1 of the 850-hPa zonal wind (Fig. 3b) with a notable difference. The principal component of the multivariate EOF1 not only shows the slow seasonal transition (increasing trend) but also exhibits two rapid transition periods. One occurs from P26 to P28 and the other from P33 to P35. The former means the SCSSM onset while the later indicates the onset of the mei-yu. This result suggests that the onset of the SCSSM and mei-yu are two salient phases in the progression of the broadscale EASM.
The two-stage onset of the broadscale EASM is also supported by the results shown in Fig. 1 . It is seen that two rapid transitions, in both zonal wind and rainfall, are evident over the SCS: one from P26 to P28 (16) (17) (18) (19) (20) and another from P32 to P34 (14-19 June). The second transition coincides with a sudden northward expansion of heavy rainfall (as signified by the contour of the 8 mm day Ϫ1 precipitation rate). This second-stage onset of the EASM is also represented by the second EOF mode. The physical interpretation of the second and third EOF modes must be made with caution because the EOF analysis does not necessarily produce physically meaningful modes. Regardless of that possible caveat, the structure of EOF2 indeed shows the rainbelt located in the normal mei-yu or baiu front and this pattern occurs on average around P33 (10-14 June), which agrees very well with the mean onset date of the mei-yu (Chen et al. 1992) . The third EOF mode can be interpreted as representing the premei-yu period, which peaks from P30 to P33 and the major rainbelt is found over southeast China, northern Taiwan, Okinawa, and southern Kyushu (Chen 1994) . Note, however, that the first three EOFs together describe the progressive northward migration of the mean EASM front and rain belt. In summary, the U EOF1 signifies the large-scale seasonal transition and the first-stage onset of the broadscale EASM. The multivariate (both U 850 and rainfall) EOF1 shows a signal of the mei-yu onset (the second stage of onset) (Fig. 5b) . The second stage of the EASM onset is also represented by the second EOF mode. The first three EOFs together describe the progressive northward migration of the EASM front and associated rainbelt.
Concluding remarks a. Conclusions
The mean summer monsoon onset over the South China Sea (SCS) is abrupt; yet defining the onset date for individual years has been difficult and controversial.
A generally accepted definition is imperative for investigating the interannual variability of the SCS summer monsoon.
Based on the notion that the SCSSM is a tropical monsoon and the establishment of the tropical southwesterly monsoon is an essential feature of the monsoon onset, we propose to use a single variable that provides succinct and objective criteria for defining the summer monsoon onset over the South China Sea. The SCSSM onset is defined by using U SCS , that is, the 850-hPa zonal winds averaged over 5Њ-15ЊN, 110Њ-120ЊE. This local index depicts not only the sudden establishment of the monsoon southwesterlies in the SCS, but also the onset of the rainy season in the central-northern SCS (Fig. 2) .
We consider that the broadscale East Asian summer monsoon (EASM) covers a broad region of East Asia and the adjacent WNP, from 0Њ to 40ЊN and from 100Њ to 140ЊE. We recognize that the large-scale seasonal transition of EASM can be described by the principal component of the dominant EOF of the 850-hPa zonal VOLUME 17
wind in the above domain. It is found that the local index U SCS represents very well the dominant mode of the EASM (as represented by the 850-hPa zonal wind), indicating that the SCSSM onset signifies the onset of the entire broadscale EASM.
It is further shown that the onset of the broadscale EASM consists primarily of two phases. The SCSSM onset is the first while the start of the mei-yu or baiu period is the second phase. The broadscale EASM onset is a characteristic two-stage onset. The SCS onset manifests itself as a spectacular event that signifies the commencement of the eastern part of the Asian summer monsoon. This event is particularly crucial since it represents the first time that the monsoon-scale southwestern flow is able to penetrate the SCS and to connect the tropical westerlies and the subtropical westerlies (and subtropical front) to the north of the subtropical high. Before this event, the western Pacific subtropical ridge, which blocks the tropical monsoon flow into southeastern China, controls the SCS and the subtropical front is detached from the tropical southwesterlies. During the second phase, the onset of the mei-yu season, the westerly monsoon exhibits another surge over the SCS.
b. Discussion
There are issues concerning the definition that deserve further clarification.
Why can the complex monsoon onset over the SCS be determined by using a single variable, U SCS , for the central SCS zonal winds? The SCSSM is a tropical monsoon. The establishment of a tropical westerly regime over the central SCS is an essential feature of the onset (Wang and Wu 1997; Xie et al. 1998; Lin et al. 2000; Chen et al. 2001) . The index U SCS captures the essence of the tropical monsoon onset in the SCS. Using this index, a vague monsoon onset occurs in only about 20% of the total records. While a great variety of meteorological variables have been considered for defining the SCSSM onset, none of them has demonstrated better skill for defining the onset than U SCS . While some have concluded that multivariables are necessary for depicting SCSSM onset (e.g., Qian and Yang 2000), we demonstrate that this matter can be simplified considerably, and that the onset can be effectively determined using a single variable.
Some previous studies reported failures in their attempts to define SCSSM onset using westerly index (e.g., Zhu et al. 2001) . These failures arise from the improper choice of the latitudinal domain for the westerly index. As shown in Fig. 1a , the zonal flow north of 17ЊN does not change direction during the mean monsoon onset. Therefore, the westerlies in the northern SCS cannot be used as an indication of the tropical monsoon. The northern SCS is open to the invasion of a cold front from the north. The westerly flow occurring before the onset is located north of the subtropical ridge and is not of tropical origin. Therefore, it is important to exclude the westerlies north of 17ЊN when defining the tropical monsoon burst over the SCS.
The late April false alarm onset is another source of confusion in determining the onset date. Typical examples of bogus onset occurred in 1974, 1975, 1984, 1985, and 1999 , during which a two-three-pentad-long westerly regime occurred in late April (Table 2) . These westerly episodes, which may last two-three pentads and are accompanied by heavy rainfall, are not tropical southwesterly monsoons. A firm establishment of the tropical southwesterly monsoon requires the (a) attendance of a large-scale seasonal transition and (b) connection of the SCS southwesterlies with the southwesterlies over the northern Indian Ocean; both typically occur after late April. The late April westerly intermission over the SCS is often followed by a prolonged easterly regime (Table 2 ) and is not a bona fide summer monsoon onset. This is the reason that we specify the onset pentad to be after 25 April in our criteria.
A phenomenon associated with the bogus onset is that the northern SCS (north of 17ЊN) rainy season often starts locally before the onset of the SCSSM. The most plainly evident examples are found in 1984, 1985 , and 1999 during which a three-pentad intense rainy period occurred in late April. Similar to the bogus westerly episodes, these wet periods are primarily caused by disturbances in the subtropical front or intermittent tropical cyclone activities. They were not regarded as signs of monsoon outbreak over the SCS Yang 2000 Li and Wu 2000; Chen et al. 2001) . In these scenarios, the central and southern SCS remain under the control of the western Pacific subtropical ridge. This pattern is often seen during the vague SCSSM onset. Therefore, the start of the rainy season over the northernmost part of the SCS does not necessarily represent the onset of the tropical SCSSM. The above statement does not mean that the northernmost part of the SCS is not important or can be ignored. A mixture of the subtropical and tropical monsoons complicates the conditions in that region. Simply looking at rainfall would not help in identifying the onset of the tropical monsoon over the SCS.
Another factor that complicates the determination of the onset date is the intraseasonal oscillation. Previous studies have noted the effects of the intraseasonal oscillation on the SCSSM, including its onset process Wu et al. 1999 ). This ambiguity, caused by the intraseasonal oscillation, is minimized by the proposed objective criteria for assessing the steadiness of the tropical westerlies. While the proposed criteria appear to be objective and insensitive to slight changes in the criteria, they are nevertheless determined empirically based on data analysis.
Note that the high correlation between U SCS and U EOF1 does not mean that they are physically alike or that they can be used to replace each other. In fact, each index has its own meteorological meanings. Because U EOF1 and W A N G E T A L .
U SCS describe the large-scale and local features, respectively, one should not expect that they will always give an identical onset date, for example, 1968. The discrepancy in 1968 suggests that the onset over the SCS, while it is an excellent indicator of EASM onset, does not always represent the onset of the broadscale EASM onset because of its localized character. Additional data or tools are needed for some years to determine the first phase of the large-scale onset of the EASM. From a practical point of view U SCS is more useful than U EOF1 for defining the EASM onset. Obtaining U EOF1 time series requires data up to 10 July, while when using U SCS the onset can be judged shortly after the establishment of steady westerlies over the central SCS.
